Although the economic consequences of epidemic outbreaks to affected areas are often well documented, little is known about how these might carry over into the economies of unaffected regions. In the absence of direct pathogen transmission, global trade is one mechanism through which geographically distant epidemics could reverberate to unaffected countries. This study explores the link between global public health events and U.S. economic outcomes by evaluating the role of the 2014 West Africa Ebola outbreak in U.S. exports and exports-supported U.S. jobs, 2005-2016. Estimates were obtained using difference-in-differences models where sub-Saharan Africa countries were assigned to treatment and comparison groups based on their Ebola transmission status, with controls for observed and unobserved time-variant factors that may independently influence trends in trade. Multiple model specification checks were performed to ensure analytic robustness. The year of peak transmission, 2014, was estimated to result in $1.08 billion relative reduction in U. S. merchandise exports to Ebola-affected countries, whereas estimated losses in exports-supported U.S. jobs exceeded 1,200 in 2014 and 11,000 in 2015.
| INTRODUCTION
exports-supported U.S. jobs. The analysis employs a difference-in-differences (DD) framework, where sub-Saharan Africa (SSA) countries were assigned to treatment and comparison groups based on their 2014 Ebola transmission status, including a primary treatment group of three countries with epidemic transmission (Guinea, Liberia, and Sierra Leone), a secondary treatment group of three countries that experienced limited Ebola cases (Mali, Nigeria, and Senegal) , and a comparison group of 40 remaining SSA countries with no known cases. Adjusted differences in the trends of U.S. outcomes before, during, and after the 2014 Ebola period across treatment and comparison groups were used to assess Ebola-attributable changes. These estimates represent potentially preventable losses in U.S. exports and employment from the spread of Ebola virus during the 2014 West Africa outbreak. In 2014 and 2015, the United States spent over $2.3 billion to support the Ebola response efforts in West Africa (CDC, 2016) . The avertable economic cost of the epidemic to the United States may have been greater when domestic trade implications are considered. The findings demonstrate the interconnectedness of a world where even remote public health events cannot be considered in isolation, informing the relevance of global health security efforts.
| DATA AND METHODS

| Data
The outcomes examined in this study are U.S. merchandise exports to Ebola-affected countries and U.S. jobs supported by these exports. Annual data on U.S. merchandise exports to countries in SSA from 2005 to 2016 were extracted from the Trade Policy Information System at the International Trade Administration, U.S. Department of Commerce (2018) . Nominal values were converted into constant 2016 USD using consumer price index (CPI) deflation. Exports were defined as the value of all exported goods, excluding special provisions (North American Industry Classification System Code (NAICS) 99), which were subtracted because they can reflect donations or foreign aid. The value of services was not included because data on U.S. trade in services were not available for all SSA countries and years in the examined time period. In addition to total merchandise exports, detail on exports by merchandise type was obtained using NAICS two-digit classification codes for agriculture and livestock products; oil, gas, minerals, and ores; manufacturing products; and other merchandise. Data on the annual number of U.S.-based jobs supported by U.S. exports to SSA countries were obtained from Rasmussen and Xu (2016) for 2005-2015 and were not available for 2016.
| Methods
The objective of this analysis is to evaluate the role of the 2014 West Africa Ebola outbreak in U.S. merchandise exports to Ebola-affected countries and U.S. jobs supported by these exports. The analysis was performed using a DD framework, leveraging a natural experiment based on the presence of Ebola virus (strain specific to the 2014 West Africa outbreak) in some SSA countries and not others. In this framework, SSA countries were assigned to treatment and comparison groups according to their Ebola transmission status where "treatment" was defined as the presence of Ebola cases within a specified period of time. Because the intensity of the 2014 Ebola outbreak differed across countries affected by the virus, two treatment groups were defined: a primary treatment group composed of three countries that experienced epidemic transmission of Ebola virus: Guinea, Liberia, and Sierra Leone (Treatment Group 1), and a secondary treatment group composed of three countries that observed sporadic Ebola cases but no epidemic spread: Mali, Nigeria, and Senegal (Treatment Group 2). Forty remaining SSA countries with no known Ebola infections formed the comparison group (Angola, Benin, Botswana, Burkina Faso, Burundi, Cameroon, Cape Verde, Central African Republic, Chad, Comoros, Republic of Congo, Equatorial Guinea, Eritrea, Ethiopia, Gabon, Gambia, Ghana, Guinea-Bissau, Ivory Coast, Kenya, Lesotho, Madagascar, Malawi, Mauritania, Mauritius, Mozambique, Namibia, Niger, South Africa, Rwanda, São Tomé and Príncipe, Seychelles, South Sudan, Sudan, Swaziland, Tanzania, Togo, Uganda, Zambia, and Zimbabwe) . Two SSA countries were excluded from the comparison group: Somalia, because it does not have a trading relationship with the United States, and Democratic Republic of the Congo, because it experienced a concurrent but unlinked Ebola outbreak of a different strain unrelated to the main West Africa epidemic. All DD models controlled for macroeconomic factors that can independently influence trade fluctuations, including indicators of the strength of the U.S. dollar relative to other major world currencies, the relative domestic income of partner countries, and the relative price levels of partner countries. Country-specific time trends were included to account for confounding from unobserved time-variant factors unique to each country.
The model was specified as follows:
where, in alternate specifications, Y jt denotes the evaluated outcome for country j in year t; Treat1 j is a binary indicator equal to 1 if country j is one of the countries in Treatment Group 1 (Guinea, Liberia, and Sierra Leone) and zero otherwise; Treat2 j is a binary indicator equal to 1 if country j is one of the countries in Treatment Group 2 (Mali, Nigeria, and Senegal); 2014 is a binary indicator for year 2014, the peak year of transmission; Post2014 is a binary indicator for the period thereafter, which is 2015-2016 for exports models and 2015 for the jobs model; and X jt is a vector of control variables that can influence trade indicators independent of Ebola considerations. These variables include the relative annual income and relative price level indicators for partner countries (country real gross domestic product [GDP] per capita relative to U.S. GDP and country CPI relative to U.S. CPI, respectively, sourced from International Monetary Fund, 2018, World Economic Outlook) and an indicator of the strength of the U.S. dollar relative to other major world currencies (the real trade-weighted USD index, sourced from Federal Reserve Economic Data, 2018). We control for within-country fluctuations in unobservable factors that might affect the examined outcomes by including countryspecific linear time trends (denoted by τ t T, the interaction terms between country dummy variables and a time trend) in order to reduce estimation bias from unknown and/or unmeasurable confounding factors within countries. The model in Equation (1) was estimated separately for each outcome variable using ordinary least squares with clustering of the standard errors by country and year. The estimators β 5 and β 7 represent the average treatment effect on the treated for each treatment group in 2014, whereas β 6 and β 8 represent the corresponding effects for the years following the start of the outbreak. Regression-adjusted average differences between pre-2014 and 2014 outcomes are represented by the sum of β 3 and β 5 for Treatment Group 1 and by the sum of β 3 and β 7 for Treatment Group 2.
| Robustness checks
The validity of the DD methodology in estimating treatment effects is dependent on several conditions, including defining appropriate treatment and comparison groups and the assumption of parallel pretreatment trends in outcomes across groups. We employed several specification checks to evaluate the robustness of the analytic approach. First, although the parallel trends assumption is not directly testable, we employed a common test of preexisting differences in outcomes trends. We limited the sample to observations before 2014 and regressed the outcome variable on binary indicators for each of the treatment groups, a linear time trend, and an interaction term between the two, in addition to all other control covariates. In this specification, a significant coefficient on the interaction term between treatment country status and time would be problematic as it would point to pretreatment trends in the outcomes of the treatment groups that are significantly different from those of the comparison group in violation of DD assumptions.
Second, we explored sensitivity of the results to changes in the composition of the comparison group. In a DD setting, selecting a comparison group that is similar to the treatment group(s) is important because higher group comparability supports the DD assumption that both groups would have experienced similar trends in outcomes in the absence of treatment. Although our main models control for a set of observed and unobserved differences across countries, we tested the robustness of the main results by selecting an alternative comparison group of countries that are in closer geographic proximity (and thus, presumably, more comparable in unobserved ways) to the treatment countries. This group consisted of all Ebola-unaffected countries in the immediate West Africa subregion: Benin, Burkina Faso, Cape Verde, Gambia, Ghana, Guinea-Bissau, Ivory Coast, Mauritania, Niger, São Tomé and Príncipe, and Togo. In this specification, finding treatment effects that are considerably different from those in the main models would be problematic as it might indicate use of inappropriate comparators at baseline.
Third, we further explored the assumption of comparability between the treatment and comparison groups by employing a model with propensity score weighting-an approach shown to improve the point estimate accuracy of average treatment effects in DD (Ryan, Burgess, & Dimick, 2015; Stuart et al., 2014) . In this approach, treatment and comparison groups are balanced across a set of characteristics through the use of propensity score weights. To construct the weights, we estimated countries' probabilities of being in each of the three groups (Treatment Group 1, Treatment Group 2, and comparison group) using a logistic regression that predicted group assignment based on covariates that included per capita GDP, country population size, and consumer price level; weights were then equal to the inverse of the predicted probability of being in the group that the country belongs to (Lunceford & Davidian, 2004; Stuart et al., 2014) . As in the previous sensitivity model, finding treatment effects that are considerably different from those in the main models would be problematic as it might indicate use of inappropriate comparators at baseline.
Fourth, we conducted a falsification test by estimating a model that substituted the original treatment groups with pseudotreatment groups of countries that did not have Ebola cases. The pseudotreatment groups were selected on the basis of their (unrealized) risk of Ebola transmission during the outbreak. At the time of the outbreak, three countries-Gambia, Guinea-Bissau, and Ivory Coast-were identified as being highly susceptible to the spread of Ebola (Rainisch, Shankar, Wellman, Merlin, & Meltzer, 2015) but ultimately avoided hosting any infections. These countries formed the first pseudotreatment group. The second pseudotreatment group was composed of Benin, Burkina Faso, and Ghana-three proximal countries that remained unaffected while sharing borders with affected nations. Finding that the DD estimators in this model are similar to the DD estimators in the main models would be problematic as it would indicate that the main models reflect changes occurring throughout the region contemporaneously with but regardless of the spread of Ebola virus.
Fifth, a placebo test was performed by estimating a model that substituted the true timing of the 2014 outbreak with a false treatment indicator shifted to 3 years before the actual outbreak. In this model, finding significant DD estimators would be problematic as it would indicate that a divergence in exports trends between the treatment and comparison groups might have occurred well prior to the outbreak. To address the arbitrariness of selecting a specific year for the placebo treatment time, we used a permutation test, which has been shown to improve inference under certain conditions (Rokicki, Cohen, Fink, Salomon, & Landrum, 2018; Ryan et al., 2015) . The permutation approach randomly reassigns outcome values within countries over time, thus randomizing the timing of treatment within countries; reestimates 50 iterations of the main model using the randomized outcome variable; and calculates new p values for the original DD estimator equal to the fraction of the iterations that produce estimators larger than those produced by the original model. This approach informs the robustness of the DD estimates to shifting the time of treatment without assigning a specific pseudotreatment year. Table 1 describes the average annual value of exports by merchandise type across SSA countries for the periods before and after the outbreak. Overall, the value of U.S. exports to SSA averaged $397 million annually per country both before and after the outbreak (Table 1) , exceeding $18 billion per year across all 46 countries in the region, largely from exports of manufacturing goods. Means of U.S. exports by group reveal group-level differences in the before and after periods that hint at a post-2014 divergence in exports across the treatment and comparison groups: on average, Ebola-affected countries imported fewer goods from the United States in the outbreak period than before, whereas unaffected countries imported more (Table 1 ). In 2014-2016, countries in Treatment Group 1 received an average of $103 million in U.S. exports per country annually-down from an annual average of $106 million in 2005-2013. Treatment Group 2, a recipient of a much larger volume of exports from the United States than Treatment Group 1 due to a strong trading relationship with Nigeria, experienced a similar decline in exports from an annual average of $1,472 million per country in 2005-2013 to $1,332 million in 2014-2016. By contrast, the comparison group showed an increase in exports from an annual average of $337 million per country in 2005-2013 to $349 million in 2014-2016. Similar patterns were observed for the number of exports-related U.S. jobs, whereas all groups showed declines in national income across the two periods (Table 1) .
| RESULTS
Trends in the aggregate value of U.S. exports by group are depicted in Figure 1 . Until 2014, U.S. exports trends followed a similar pattern across groups, generally rising across SSA countries except for a collective dip during the 2009 U.S. recession. They diverged in 2014, the year of peak Ebola transmission, and declined thereafter. The 2014 contrast in U.S. exports trends across treatment and comparison groups motivates a DD approach to assessing the potential role of the Ebola outbreak in U.S. trade outcomes.
Estimates from the DD models in Equation (1) indicate that 2014 was significantly associated with a reduction in U.S. exports to Ebola-affected countries relative to unaffected countries ( Table 2) . The relative annual decrease in U.S. exports in 2014 was estimated to be $90.4 million and $269.5 million per country for Treatment Groups 1 and 2, respectively, corresponding to an aggregate annual reduction of $1.08 billion for the year, mostly from a drop in manufacturing exports (Table 2) . After 2014, the average treatment effects were no longer statistically significant for either treatment group, although a small bump of $4.6 million in agricultural exports was observed for Treatment Group 1. Year 2014 was estimated to bring a statistically significant decline in U.S.-based jobs supported by exports to countries in Treatment Group 1, with an estimated average annual reduction of approximately 414 jobs per country for a total of 1,242 jobs (Table 2) . For Treatment Group 2, the DD estimator was not statistically significant for 2014, but the post-2014 DD estimator in the jobs model indicated a significant relative reduction of 3,681 jobs per country in year 2015, for a total of 11,043 U.S. jobs. Table 3 compares the unadjusted and regression-adjusted average change in annual outcomes between the pre-Ebola period and year 2014 for each group. Although the unadjusted changes were not statistically significant across groups, regression-adjusted estimates indicated that a growth in outcomes in 2014 was observed for comparison countries only and was not accompanied by similar changes in the Ebola-affected groups.
| Robustness checks
The model used to test for differential exports trends across groups did not find evidence of significant trend differences predating the outbreak, evidenced by the insignificant interaction terms between treatment group and time (Table 4 ). This finding is supportive of the main model assumption that the effects represented by the DD estimators in Equation (1) are not a reflection of preexisting differentials and may thus be plausibly linked to the 2014 introduction of the virus. After narrowing down the original comparison group of 40 SSA countries to a smaller group of 11 countries with greater proximity to the outbreak area-unaffected countries located in the West Africa subregion-the DD estimators remained similar to those obtained from the main models (Table 5 , Specification 2). On aggregate, the 2014 effect on U. S. exports to the six treatment countries was nearly identical in magnitude to the corresponding estimate from the main models ($1.07 billion vs. $1.08 billion). Our next robustness check, which applied propensity score weighting to the main specification, resulted in lower aggregate effects ($754 million) due to a decrease in the DD estimator for Treatment Group 2 in the propensity score model compared with the main model (Table 5 , Specification 3). Because Treatment Group 2 contains Nigeria, a country with a considerably larger economy and trade volume relative to its neighbors in the region, the use of propensity score weighting could have corrected down the disproportionate influence of Nigeria in driving the main model effects for Treatment Group 2.
A falsification test using pseudotreatment groups of countries that were at an elevated risk for 2014 Ebola due to their proximity but had no actual infections yielded no evidence of Ebola-attributed reduction in U.S. exports to those countries (Table 5 , Specification 4). The 2014 DD estimators in this model were not statistically significant, which supports the assumption that the 2014 treatment effects estimated by the main models were not an expression of shared regional trade fluctuations coincidental to the outbreak. Interestingly, a positive interaction term between Pseudotreatment Group 1 (Gambia, Guinea-Bissau, and Ivory Coast) and the post-2014 period indicated a relative increase in U.S. exports to these countries in 2015-2016-a possible sign of a compensatory shift in exports from the affected countries to some of their neighbors. In addition to exploring the validity of the treatment and comparison groups, we conducted checks on the DD estimators from the perspective of treatment timing. A placebo model that substituted the original treatment indicator, 2014, with a false outbreak year, 2011, revealed no significant treatment effects (Table 5 , Specification 5), supporting the assumption that the main model treatment effects were not an expression of spurious divergence in exports trends predating the outbreak. Addressing concerns about the arbitrary choice of a false outbreak year in the preceding placebo model, we used a permutation test that randomly shifts the timing of treatment within countries, reproducing the value of the DD estimator over multiple iterations. This test confirmed the statistical significance of the main model estimator for Treatment Group 1 (Table 5, Specification 6). For Treatment Group 2, the significance of the DD estimator shifted from 2014 to post-2014. Because the post-2014 treatment effect for Treatment Group 2 ($1,447.7 million) is larger in Note.
(1) Main model. Treatment Group 1 consists of three countries with epidemic transmission of 2014 Ebola: Guinea, Liberia, and Sierra Leone. Treatment Group 2 consists of three countries with limited cases of magnitude than the 2014 effect for this group ($269.5 million) , this finding implies a possibility that the aggregate Ebolaattributed reduction in U.S. exports might be more extensive than estimated in the main models.
| DISCUSSION
This study suggests that U.S. exports and U.S. exports-supported jobs were adversely affected by the 2014 outbreak of Ebola virus disease in West Africa. DD estimates indicate that the year of peak transmission, 2014, resulted in $1.08 billion aggregate reduction in U.S. merchandise exports to Ebola-affected countries relative to unaffected countries in the region. Estimated losses in U.S. jobs supported by exports in Ebola-affected countries exceeded 1,200 in 2014 and 11,000 in 2015.
Because the countries affected by the 2014 West Africa Ebola outbreak are relatively minor trading partners for the United States, it is plausible that epidemics affecting larger partner countries would be more consequential. For example, the East Asia and Pacific region is one area with key U.S. trade relationships that has an elevated risk of emerging epidemics, where Indonesia alone is both a top destination for U.S. exports (Office of the U.S. Trade Representative, 2018) and an identified hotspot for potential infectious outbreaks (Perkins, Patrick, Patel, & Fenwick, 2007) and where hypothetical outbreak scenarios have suggested that billions in U.S. exports could be at stake in the event of an infectious disease epidemic (Bambery et al., 2018) . The expected worldwide economic loss from a major influenza pandemic has been estimated at 0.6% of global income (Fan, Jamison, & Summers, 2017) , with country-specific pandemic simulations predicting losses of up to 6% of GDP for several Western European countries (Keogh-Brown, Smith, Edmunds, & Beutels, 2010) and up to 7.3% of GDP for Australia (Verikios, McCaw, McVernon, & Harris, 2012) . Economic losses from modeled influenza pandemics are projected to be higher for countries with stronger trade ties to other countries (Verikios, Sullivan, Stojanovski, Giesecke, & Woo, 2011) . Currently, the United States has strong trade links to 49 countries identified as GHS priority countries by the CDC. In 2015, these 49 countries accounted for over USD 308 billion in U.S. exports, supporting over 1.6 million U.S. export-related jobs (Cassell et al., 2017) . Minimizing health security threats in these countries may help support strategies for a positive trade balance in the United States.
Although health security protections can have global economic benefits, their primary goal is preventing the loss of life through strengthening capacity for disease containment. Since the establishment of GHSA, some countries in Africa have observed expanded laboratory capabilities for detecting pathogens, strengthened field networks of public health professionals, and shorter time for detection of epidemic outbreaks (CDC, 2017) . In some countries, such as in Sierra Leone, advances in surveillance have been accompanied by improved vaccination rates for children (CDC, 2017) . Continued commitment to GHSA priorities could thus help reinforce broad advancements in public health alongside outbreak control in vulnerable areas.
While this study does not shed light on the actual mechanisms through which epidemics can interfere with trade, those can be many-sided. For example, epidemics could disrupt travel and transportation logistics through curfews, travel restrictions, and market closures and could lower foreign direct investment, shift the internal resource allocations of affected countries, and affect currency values. Economic relationships are particularly sensitive to the uncertainty and alarm that can be generated by public health emergencies: the economic disturbance from negative expectations can disproportionately exceed the actual number of infections (Bloom & Canning, 2006) . Changes in economic behavior driven by risk perceptions of individuals and industry can have wide-ranging repercussions in a macroeconomic context (Beutels et al., 2008; Lee & McKibbin, 2004; McKibbin & Stoeckel, 2018) .
The main models of this study, as well as most robustness checks, imply that the estimated effect of the West Africa Ebola outbreak was statistically significant for 2014 only-the year of peak transmission. However, the statistical absence of post-2014 effects on exports to Ebola-affected countries may be less likely to represent a post-Ebola rebound in exports than a reflection of a shared decline in U.S. exports across all of SSA. Although Ebola did not fully subside until 2016, both affected and unaffected countries experienced a downturn in U.S. exports after 2014 (Figure 1) , possibly marking the spread of subsequent economic repercussions throughout the entire region. The shared post-2014 decline in U.S. exports across all groups in SSA limits the ability of the present DD method to derive post-2014 treatment effects from differences across groups. However, one of the robustness models in this study, a permutation test, suggests that significant post-2014 effects may be present for Treatment Group 2. Expanding the analysis with more years of data may allow more precise identification of long-term effects.
The analysis has several other limitations. It is restricted to merchandise exports because data on the value of service exports were not available for all countries in the region. It evaluates trade disruptions associated only with the presence of actual infections in a country-that is, it does not evaluate secondary effects resulting from the increased risk of infection and rising negative expectations in SSA countries unaffected by actual contagion. Such secondary effects are likely to have a wider geographic scope: previous evaluation of African economies has shown that SSA countries at a geographic distance from the outbreak experienced considerable post-Ebola economic decline (World Bank, 2016) . In the present analysis, secondary Ebola effects on U.S. exports-those specific to SSA countries that did not have Ebola infectionsare not estimated given the lack of an obvious comparison group in this scenario. Nonetheless, it is likely that if all SSA economies suffered following the West Africa outbreak, so would have their ability to serve as destinations for U.S. exports.
The study has several strengths. To our knowledge, it is the first to establish a link between a distal public health emergency and select U.S. economic indicators. The analytic framework compares trends in U.S. exports to SSA countries with different levels of Ebola virus transmission before and after the 2014 emergence of the outbreak while controlling for unobserved time-varying country characteristics that might independently determine trade outcomes. A number of specification checks provide empirical support for the validity of the analytic approach, helping to reinforce treatment effects.
Alongside international partners, the United States has supported the goals of the Global Health Security Agenda in strengthening country readiness for containing infectious disease outbreaks. The three main elements of GHS are the prevention of outbreaks, early detection of threats, and capacity for rapid response. Ongoing development and maintenance of the infrastructure behind these elements is essential but not guaranteed and depends on continued support from the United States and other high-resource countries. Our findings illustrate the associations between health and economic events that connect countries notwithstanding of geographical distance, informing the relevance of global health security efforts.
